The output power of InGaN multiple-quantum-well laser diodes ͑LDs͒ emitting at 405 nm wavelength is compared for several Al composition in the AlGaN n-cladding layer. The Al composition has been varied from 2% to 6% to study the effect of n-cladding refractive index on threshold current and slope efficiency of the LDs. As the Al composition in the AlGaN n-cladding layer increases, both threshold current and slope efficiency decrease. This behavior can be explained by the change in optical field distribution with refractive index of the AlGaN n-cladding layer. It is found that the Al composition of Յ4% would be advantageous for achieving more than 100 mW output power and high level of catastrophic optical damage.
I. INTRODUCTION
Over the last decade, GaN-based nitride semiconductors have received considerable attention as materials for lightemitting devices in a short-wavelength region including blue, violet, and ultraviolet wavelengths. Light-emitting diodes and laser diodes ͑LDs͒ based on this material system have been commercialized and markets for these devices are still growing rapidly. In particular, the blue-violet LD with wavelength near 405 nm has attracted great interest as a light source for extra-large capacity optical storage systems. [1] [2] [3] [4] [5] Data capacity of current Blu-ray Disk is as large as 50 GB. In order to further increase the data capacity to more than 100 GB, output power of the blue-violet LD should also be increased substantially with maintaining single transverse optical mode.
For the high-power operation of LDs, it is important to reduce internal optical loss and increase the level of catastrophic optical damage ͑COD͒. In the GaN-based LD structures, Mg-doped layers such as a p-type GaN waveguide layer and a p-type AlGaN cladding layer have been believed to be main sources of optical loss. 6 The absorption coefficient in Mg-doped layers has been reported to be as large as 100 cm −1 . 7 Therefore, it is necessary to reduce the overlap of optical field distribution with Mg-doped layers. The COD level can be increased by expanding the optical near field pattern in the perpendicular direction of LD junction plane by deceasing optical power density in active layers at the LD facet. The expansion of optical field size has another benefit of narrow beam divergence, which is important to minimize optical coupling loss in the optical storage system. 8 Sony employed an undoped AlGaN or InGaN interlayer between active layers and a p-type cladding layer to reduce a confinement factor of Mg-doped layers and to control optical field size. [7] [8] [9] From this approach, low internal loss and high COD level have been demonstrated. In those structures, however, operation voltage might be increased due to the existence of the relatively thick undoped interlayer near active region. As another approach, n-type doped AlGaN cladding layers have been tailored to control optical near field distribution. This n-cladding layer design has been proved to be very effective for increasing COD level and reducing beam divergence angle in the vertical direction. 10, 11 In this work, we investigate the effect of the AlGaN n-cladding layer on the output power of 405 nm emitting InGaN LDs. Threshold current and slope efficiency are compared for different Al composition in the AlGaN n-cladding layer, and output characteristics are interpreted by considering optical field distribution in the LD layer structure. Based on the measurement results, the optimized structure for high-power InGaN LDs will be discussed.
II. DESIGN OF LD LAYER STRUCTURES
Our LD structure is schematically drawn in AlGaN n-cladding layer is placed below the lower OCL. The Al composition has been varied from 2% to 6% to study the dependence of optical output power on the Al composition x of the Al x Ga 1−x N n-cladding layer. Figure 2 shows a refractive index profile of the LD structure and corresponding optical field distribution. The field distribution in LD layer structures has been calculated based on the effective index method using the following approximate formulae for the refractive index n of In x Ga 1−x N and Al x Ga 1−x N materials:
Figures 2͑a͒ and 2͑b͒ describe the cases where the Al composition in the n-AlGaN layer is 6% and 3%, respectively. Here, the Al composition in the p-AlGaN layer is fixed at 5%. So, the refractive index of the n-cladding layer is lower than that of the p-cladding layer in Fig. 2͑a͒ , whereas it is higher than that of the p-cladding layer in Fig. 2͑b͒ . One can see that, in Fig. 2͑a͒ , the peak intensity of the optical field is positioned near the center of active layers. This structure has a large optical confinement factor in QWs ͑⌫ QW ͒, and consequently low threshold-current operation would be expected. In Fig. 2͑b͒ , on the contrary, the peak position of the optical field is shifted toward n-side layers and the optical field size that is defined as the full width at half maximum is much expanded. The ⌫ QW in this case is smaller than that in the case of Fig. 2͑a͒ , so threshold current would be increased. When the overlap of optical fields with Mg-doped region is compared between two cases, one can see that the penetration of optical field in the p-AlGaN layer is significantly reduced when the Al composition in the n-AlGaN layer is 3% ͓Fig. 2͑b͔͒. Since Mg-doped p-side layers are regarded to be main sources of optical loss, this decrease in the optical confinement factor in Mg-doped layers ͑⌫ Mg ͒ could result in reduced internal optical loss. This reduction in the internal loss appears as high slope efficiency in the LD device. When the Al composition in the n-AlGaN layer is 6%, ⌫ Mg is relatively large compared to the 3% Al composition case, which implies increased optical loss and low slope efficiency. The large ⌫ Mg for the 6% Al composition could also increase lasing threshold. However, for achieving low threshold current, the positive effect of the large ⌫ QW will be much stronger than the negative effect of the large ⌫ Mg . From above discussion, one can see that there exist a tradeoff relation between large ⌫ QW ͑or low threshold current͒ and small ⌫ Mg ͑or high slope efficiency͒. Considering this relation, Al composition in the n-cladding layer should be carefully optimized in order to achieve low operation current at given LD output power.
There is one important thing to consider in the LD layer design: thickness of the n-cladding layer. As the Al composition in the n-cladding layer decreases, optical field shifts more into the n-cladding layer, as shown in Fig. 2 . There exists a long tail of optical field in the n-cladding layer for 3% Al composition. This might cause the leakage of optical field below the n-cladding layer if the n-cladding layer is not sufficiently thick. The optical mode leakage results in ripples in the far field pattern, which deteriorate beam quality significantly. [12] [13] [14] In order to avoid this, thickness of the n-cladding layer should be increased as the Al composition in the n-cladding layer decreases. Actually, in our case, thickness of the n-cladding layer has been increased from 0.8 to 1.6 m as the Al composition decreases from 6% to 2%.
III. RESULTS AND DISCUSSION
Based on the layer design in the previous section, LD structures were grown by metal-organic chemical vapor epitaxy on a c-plane sapphire substrate. Lateral epitaxial overgrowth technique has been used to reduce dislocation density. 3 The LD sample has been fabricated in the form of narrow stripe ridge waveguide with ridge width of 1.8 m and cavity length of 650 m, respectively. The reflectance of mirror coatings on the front and the rear facet is 18% and 95%, respectively. The fabricated LD samples were mounted by epidown bonding for efficient heat dissipation and characterized at 25°C under continuous-wave ͑cw͒ operation condition. The emission wavelength of tested LDs has been observed to be ϳ405 nm at 50 mW output power. curves for LD samples with Al compositions of 6%, 4%, and 2% in the n-AlGaN cladding layer. Both threshold current and slope efficiency increase as the Al composition decreases as expected. For each sample in Fig. 3 , threshold current is 28, 35, and 58 mA, respectively. And, slope efficiency for each sample is 1.08, 1.26, and 1.58 W/A, respectively. In Fig. 4 , threshold current and slope efficiency are plotted as a function of the Al composition. The plotted values are averaged results for 20 measured LD samples. As the Al composition changes from 6% to 2%, threshold current increases from ϳ30 to Ͼ60 mA. This increase in the threshold current is mainly due to the decrease in the optical confinement factor in QWs ͑⌫ QW ͒. In Fig. 4͑a͒ , calculated ⌫ QW is also plotted along with the threshold current. One can see the inverse relation between threshold current and ⌫ QW . Threshold current maintains below 40 mA when the Al composition is Ն3%. However, it increases abruptly to Ͼ60 mA when the Al composition is 2%. In this case, ⌫ QW has also been decreased rapidly, indicating a strong influence of ⌫ QW on lasing threshold. If the Al composition decreases even more, the LD samples might not reach lasing threshold.
In Fig. 4͑b͒ , average slope efficiency is plotted as a function of Al composition. The slope efficiency increases from Ͻ1.1 to ϳ1.6 W / A as the Al composition decreases from 6% to 2%, which is attributed to the reduction in the optical confinement factor in Mg-doped layers ͑⌫ Mg ͒. In this plot, calculated ⌫ Mg is overlaid by dotted line. Inverse relation is again observed between ⌫ Mg and slope efficiency. When the Al composition changes from 6% to 2%, relative reduction in ⌫ Mg is larger than 40%. If optical loss in Mg-doped layers is assumed to be 100 cm −1 , as described in Refs. 6 and 7, corresponding reduction in internal optical loss would be as large as 10 cm −1 . This large reduction in the optical loss could contribute to the improvement in the slope efficiency by more than 0.5 W/A. It should be noted that, however, LD layers that were not doped with Mg could also have large optical losses although their absorption coefficient is much smaller than that of Mg-doped layers. For example, the absorption coefficient of the InGaN OCLs and Si-doped GaN layers was reported to be 30-40 cm −1 . 7, 15 Due to the large increase in slope efficiency and threshold current with decreasing Al composition in the n-cladding layer, the Al composition for the lowest operation current becomes decreasing as LD output power increases. For example, as shown in Fig. 3 , LD samples with the Al composition of 4% show the lowest operation current when output power is between 50 and 120 mW, and LD samples with the Al composition of 2% seems to be most advantageous for low current operation when output power is higher than 120 mW. If the LD operates below 50 mW, 6% Al composition gives the lowest operation current. That is, depending on the LD output power, there exists the optimum value of Al composition in the n-AlGaN layer for reducing operation current of LDs.
Next, COD level of LD samples was tested. Measurement conditions have been the same as before: cw operation at 25°C. In Fig. 5 , measured COD level is plotted as a function of Al composition in the n-cladding layer. The solid dot and the error bar in this figure represent the average value and the standard deviation of 15 measured data, respectively. The ratio of the average to the standard deviation is 10%-15%. The COD level increases by more than two times as the Al composition decreases from 6% to 3%. This increase in the COD level is due to the expansion and shift in optical field distribution toward n-side layers. 11 However, note that the COD level has been decreased below 300 mW when the Al composition is 2%. This is attributed to the high threshold current in the LDs with 2% Al composition. High threshold current implies that the LDs operate with large carrier density, which increases surface recombination and heating at the LD facet, and consequently decreases COD level. When the Al composition is 3%, the highest average COD level has been obtained to be ϳ360 mW. It has been observed that the maximum COD level reached 470 mW.
In this work, we have demonstrated that InGaN blueviolet LDs with optimally chosen Al composition in the n-cladding layer exhibited high output power and high COD level which could be sufficient for the application to laser sources of 100 Gbyte level optical storage systems. In addition, we expect that the basic concept of LD layer design described in Sec. II can also be applied to recently developed InGaN blue LDs emitting at ϳ450 nm wavelength 16, 17 and bluish-green LDs emitting at ϳ480 nm wavelength. 18, 19 
IV. CONCLUSION
We investigated the effect of Al composition in the AlGaN n-cladding layer on the output power of 405 nm emitting blue-violet InGaN LDs. As the Al composition decreases, both threshold current and slope efficiency increases. These behaviors have been well explained by considering the optical field distribution in the LD layer structure. The increase in the threshold current and the slope efficiency has been attributed to the decrease in the optical confinement factor in MQW layers and in Mg-doped layers, respectively. Due to this dependence of threshold current and slope efficiency on the Al composition, there exists optimum Al composition for achieving low operation current depending on the LD output power. It has been found that the Al composition of Յ4% would be advantageous for more than 100 mW output power. In addition, high average COD level of ϳ360 mW under cw operation has been observed when the Al composition is 3%. The high-power operation of InGaN blue-violet LDs could find important applications to light sources for the high data-capacity optical storage system.
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